Experimentally, the sorption of Eu onto clay-rich sediments was very rapid in the first few seconds and slowed over an interval of minutes to hours. Rate curves were similar in shape to those of a-iron hydroxide, rather than of the oxalate-extracted residual sediment, indicating the importance of oxyhydroxide-like phases in the uptake of Eu onto red-clay sediments. For day-rich sediments, numerical modeling reproduced the general features of a series of diffusion experiments. To a first approximation, the penetration of Eu into a sediment proceeded by saturation of the sediment to the depth of penetration and produced a sharp drop-offin sorbed + dissolved Eu concentration at the diffusion front. Higher partition coefficients (Kv) resulted in greater sorbed + dissolved concentrations, but reduced penetration. For calcareous sediments, however, Eu concentrations at the surface were much higher than at depth, presumably due to the formation of an insoluble carbonate.
INTRODUCTION
Under the U.S. Department of Energy's Subseabed Disposal Program, distribution coefficients for the partitioning of Eu and Th between deep-sea sediments (Tables 1 and 2 ) and solutions have been determined to evaluate the effectiveness of the sediments as a potential barrier to the migration of radionuclides. The results of these experiments are systematic, but they do not conform readily to the familiar theories of adsorption of Langmuir (for which plotting ln(M/Cs) against M should give a straight line [Hayward and Trapnell, 1964, p. 1967] ), Freundlich (for which plotting In M against RT.ln(Cs) should give a straight line [Hayward and Trapnell, 1964, p. 175] ), or Temkin (for which plotting In Cs against M should give a straight line [Hayward and TrapneU, 1964, p. 178] ). Thus, the fundamental understanding of the sorption process is lacking to predict the effectiveness of sediments as barriers to radionuclide migration, particularly if experimentally determined partition coefficients have to be incorporated in a general model of diffusion. Such a model is necessary because the radionuclides must be held in the sediments for 104 to 107 years in order for them to decay to harmless levels, a period far too long for experimental verification. The model is, of necessity, numerical, because dependence of the partition coefficients on cation concentrations renders an exact solution of the differential equations of diffusion impossible. The problem is further complicated if diffusion through a suite of sediments of variable composition is to be modeled.
Previous models of diffusion in sediments have assumed that the distribution coefficient K~ (ratio of the concentration on the sediment to the concentration in the solution) is constant (Duursma and Hoede, 1967) . carried out a series of batch sorption experiments to define the dependence of Eu(III) sorption by deep-sea deposits on concentrations, temperature, and sediment type. The results of these experiments indicated that K v actually varies by orders of magnitude. Application of these results to the diffusion equation suggested by Duursma and Hoede (1967) produces an equation which appears not to have an analytical solution; thus, it must be solved by numerical modeling methods.
A preliminary assessment of the impact of the experimental results on subseabed disposal has been made by estimating diffusion (with sorption) through a sec- in a water depth of 5705 m (Corliss et al., 1982; Doyle and Riedel, 1979; Prince et al., 1980) .
The core (GPC-3) consisted of 10 m of eolian, illiterich clay, deposited during the last 20 million years (my), overlying 14 m of smectite-rich clay deposited over a period of 50 my. The illite-rich sediment contained illite, kaolinite, chlorite, and smectite in the ratios 24:5:1.3:1 (determined by the method of Heath and Pisias, 1979) . The smectite-rich sediment conrained the same minerals, but in a typical ratio of 20: 10:1:24. Detailed mineralogic profiles of GPC-3 were discussed by Corliss et al. (1982) and Leinen and Heath (1981) . The area around GPC-3 is not a likely disposal area, but the lithologic section in the core is typical of the pelagic red clays that lie beneath millions of square kilometers of the North Pacific gyre.
METHODOLOGY

Batch sorption experiments
Preparation of sediment. About 1 kg of clay was disaggregated by tumbling with distilled water in a jar mill. One-to twogram portions of the slurry were split with a wet splitter, placed in dialysis tubing, and dialyzed against distilled water to remove salts. The completeness of salt removal was tested with a AgNO3 solution. The sediment was then removed from the tubing and freeze-dried. The sources of the sediments are shown in Tables 1 and 2 .
Preparation of stock solutions. Solutions of the selected concentrations were prepared by dissolving appropriate quantifies of the chloride salt in distilled water. Aliquots of these solutions were analyzed to determine the exact concentration of the cation, inasmuch as hydroscopic effects make an exact weighing impossible. Thorium was analyzed by oxalate precipitation and ignition (Rodden, 1950) . Europium was determined by titration of the chloride by the Mohr method (Kolthoffand Sandell, 1946) . Aliquots of these solutions were diluted to the chosen molarities, with the addition of sufficient NaC1 to yield an ionic strength of 0.68. An amount of an appropriate radiotracer was added to follow the course of the reactions.
Exposure of sediments to solution. Weighed 0.1-g samples were added to preweighed 50-ml polycarbonate centrifuge tubes with screw-cap closures. To obtain the sodium form of the sediment, each sample was dispersed in 25 ml of 0.68 M NaCI solution for 30 min, centrifuged, and the supernatant decanted. This step was repeated two more times. After the final decanting the tube and contents were reweighed to determine the amount of residual chloride solution. Then 25-ml aliquots of the spiked solutions were added to the prepared samples. The sediment was thoroughly dispersed in each tube by shaking, and the capped tubes were placed in constant temperature baths for 18 to 24 hr. The tubes were removed and agitated several times during the first few hours, but allowed to settle overnight. The tubes were centrifuged, and aliquots of the supernatants were removed for gamma counting using a 3-inch sodium iodide detector. The distribution coefficient for the cation (the ratio of its conentration in the sediment to its concentration in the supernatant solution) in each experiment was then determined from the relation:
where: K~ = distribution coefficient (ml/g), V = total volume of solution (25 ml + x residual ml), W = total weight of sediment (g), r = ratio of spike to total solution (25/(25 + x)), Co = activity (or concentration) of original solution (cpm/ml or mole/liter), and Cs = activity (or concentration) of supernatant solution (cpm/ml or mole/liter). The difficulty of separating the sediment from pore waters necessitated the determination of sorbate concentrations on the sediment by difference from the decrease in supernatant concentrations. Blank and standard solutions without sediment were run through the same procedure, and each experiment was carried out in triplicate. To the precision that results are reported, no corrections for blanks or for sorotion of cations onto materials other than sediments were required.
Kinetic experiments
Three methods were employed to investigate the kinetics of the sorption process:
(1) Samples of sediment were exposed to solutions in the same manner as for the batch sorption experiments but allowed to remain in the constant temperature bath for periods of days, then removed, centrifuged, and the supematant counted. This method is, of course, suitable only for examination of slow reactions.
(2) Sediment was exposed to EuC13 solution spiked with '54Eu in a polycarbonate jar fitted with a magnetic stirring bar on a pivot (to maintain the sediment suspension without grinding the sediment). Aliquots of the suspension were removed periodically and filtered, and the filtrate was counted to determine the Eu concentration in the liquid phase of the suspension. Volumes of solution of 200-250 ml and weights of sediment suitable to maintain the same ratio as in the batch sorption experiments (0.1 g to 25 ml) were used. Although aliquots could be withdrawn at intervals of less than 1 min, resolution was lost because of the time necessary to filter each aliquot of suspension (on the order of 5-10 s).
(3) Differential pulse polarography with a dropping mercury electrode was employed in an attempt to determine the Eu concentration in the liquid phase of suspensions as the sorption process was taking place. Volumes of 12.5 ml of solutions of EuC13 with a supporting electrolyte 0.68 M in NaCI were deoxygenated by bubbling nitrogen through them and loaded with 50 mg of sediment (again maintaining the same ratio as in the batch sorption experiments). Polarographic scans were then made periodically. Determinations made on standard solutions indicated linear response of the instrument to Eu concentration and no detectable deviations due to variations in pH.
To separate effects due to surface coatings from those involving silicate structures, samples of sediment were treated with ammonium oxalate to remove noncrystalline iron and aluminum oxides. For comparison, experiments were also carried out with noncrystalline a-iron hydroxide.
Diffusion experiments
Samples of the sediments prepared for the column sorption experiments were weighed into 50-ml polycarbonate centrifuge tubes and reconstituted to the approximate bulk density of the freshly recovered sediments. The tubes were then cut off just above the surfaces of the sediments and placed in a reservoir bath containing 14 liters of a solution 0.002 M in EuC13 doped with ~54Eu, made up to an ionic strength of 0.68 with NaCI, and held at 85"C by means of a hot water bath. Three 5-ml aliquots of the solution were removed periodically (generally every day during the work week) and counted. Aliquots of the spiked EuC13 solution and the NaC1 solution were added to maintain the concentration and volume of the solution, and aliquots of the solution were taken after each addition to ensure that the additions had been properly made. The tubes were removed from the reservoir after 109 days, and penetration of Eu into the tubes was determined by scanning each tube through a 7-mm slit between two lead bricks behind which was a Geiger tube attacked to a counter. The sample tubes were moved by means of spacers, and a l-rain count was taken at each depth in the sediment. Background counts were taken as well. The instrument was calibrated using T2 sediment (Table 1) . A sample of the top surface of this sediment was placed in a weighed centrifuge tube and air dried; it was then weighed and treated with a 25-ml aliquot of 20% HC1, vortexed, and allowed to settle overnight. The tube was then centrifuged, and three 5-ml aliquots of the supernatant were taken and counted to yield the amount of Eu on the weighed portion of sediment. From the bulk density of the in situ sediment and the amount of Eu on the weighed portion of sediment, the volume concentration of Eu in the surface sediment was calculated. By assuming that the highest count obtained during the passage of this sediment column in front of the Geiger tube represented the concentration of Eu at its surface, the bulk concentration of Eu at each point along each sediment column could be estimated by ratioing to this value.
RESULTS AND DISCUSSION
Batch sorption experiments
The results of all deep-sea clay, Eu-sorption experiments are summarized in Mean 26 
where M = concentration ofsorbate on sediment, C~ = concentration ofsorbate in solution, T = absolute temperature, and A, B, and D = constants. Application to Eq. (2) of the Clausius-Clapeyron equation (which strictly applies only to sorption of gases) gives:
where q-= energy of sorption and R = universal gas constant, suggesting the relationship:
A comparison of Eq. (4) with the integrated form of the van't FIoff equation,
where K ---true thermodynamic equilibrium constant and AH = enthalpy change (assumed constant), further suggests that the true thermodynamic equilibrium constant is given by:
Applying van't Hoff's equation:
to Eq. (2) yields:
Further, AG, the free energy change, and AS, the entropy change, are given by:
and AG = AH --TAS.
(10) Figure 2 shows log K o vs. tog Cs for sorption of Eu(III) from 0.68 M NaC1 solutions at 15~ onto a smectiterich sediment from the North Pacific (T2). Regressing log K o against log Cs and solving for K from K = M/ Cs A gives the relationship K = M/Cs ~176 Values of K derived from this relationship (Table 3) are remarkably constant over five orders of magnitude of C,. The reason for the extreme insensitivity of M to variations in Cs is unknown. The activity of sorbate associated with the solid phase is nearly independent of Cs, similar to a precipitation reaction. Thus, the solution chemistry must play a more important role than the surface chemistry in the sorption process. McBride (1980) suggested that such processes are driven by entropy increases during sor0tion that are caused by the loss of ordered water of hydration from multiply-charged ions in solution. Figure 3 shows the temperature dependence of the log Kp vs. log Cs regression for the sorption of Th from 0.68 M NaC1 solutions onto an illite-rich sediment from the North Pacific (Q1). The calculation of AH by regression of log K~ against log C~ and 1/T based on Eq.
(2) yielded the small AH of 3.83 kcal/mole (Appendix I), which is typical of sorption phenomena (Hayward and Trapnell, 1964, 194-225) . The AH was positive, which implies increased sorption with increased temperature, as seen from examination of the van't Hoffequation. For comparison, Laudelout et al. (1968) determined enthalpy values of 1.30 kcal/mole for Mg replacement of Na on Camp Berteau montmorillonite, and 1.22 kcal/mole for Ca replacement of Na. For the strongly sorbing smectite sediment T2, the temperature dependence was less than for the less highly sorbing Q 1 sediment, but regression of log K, against log Cs and 1/T again gave a high correlation coefficient of .9947 and yielded a AH value of 1.66 kcal/mole (Appendix II), which is less than half of that for the Q1 sediment, indicating that sorption increased less rapidly with temperature than it did for the Q 1 sediment. Figure 4 shows log K v vs. log Cs trends for the sorption of Eu(III) from NaC1 solutions of various ionic strengths at 85~ onto the T1 sediment. Regressing log K v against log Cs and log(NaC1) and solving for K (Appendix III) gave the relationship:
Cs 0A273 The term (NaC1) ~ suggests that although NaC1 was sorbed less strongly than Eu(III), it did indeed compete with Eu(III) for sorption sites on the sediment. Figure 5 shows sequential polarograms of sorption of Eu from solutions 5 x 10 -4 M in EuCls and 0.68 M in NaCI onto the T2 sediment. Figure 6 shows the decline in supernatant Eu concentration for oxalate- extracted T2 sediment and noncrystalline a-iron hydroxide, as well as for the T2 sediment with time. It also includes a curve for the T2 sediment determined by the method of removing aliquots using ~54Eu tracer (29~ curve). Sorption onto the oxalate-extracted sediment was quite different from sorption onto either the T2 sediment or the a-iron hydroxide, which were similar in shape. Note, however, that for all samples, sorption during the initial few seconds was very rapid, and became slower over an interval of minutes to hours (Table 4 ). Figure 7 shows the data plotted such that linear portions indicate first-order kinetics (Glasstone, 1946) . No convincing conformity with first order kinetics is apparent. What is evident from Figure 7 is that sorption onto the untreated T2 sediment was similar to sorption onto a-iron hydroxide, but not onto its own oxalate-extracted residual material. Figure 8 shows the data for the T2 sediment and a-iron hydroxide plotted such that linear portions indicate diffusion into a crystal structure (Palmer and Bauer, 1961) . It is evident that no such diffusion took place. Figure 9 shows the same kind of plot for the oxalate-extracted T2 sediment. Here, the two linear portions imply that two processes of diffusion into the crystal lattice were at work. The reasons for the change from a slower to a more rapid rate is unknown, but may have resulted from expansion of the phyllosilicate structures to the point where Eu(III) entered structural sites. These results suggest that for sorption reactions occurring in hours or less, oxyhydroxide-like phases (possibly grain coatings) played an important role in the uptake of Eu onto deep-sea clay sediments. 
Rate experiments
Clays and Clay Minerals
DifJusion model
The equations of fluid dynamics apply strictly and rigorously to the diffusion of an ion in the pore waters of a sediment. To model the transport of an ion in the bulk sediment, we interpreted diffusion in the pore waters in terms of the bulk sediment. The diffusion of an ion subject to sorption in sediments was given by Duursma and Hoede (1967) as
) aKdC in which the term treats the sediment as a source Ot or a sink of the ion. We additionally took into account the tortuous path an ion must take in moving through the pore waters of the sediment and expressed all equations in terms of bulk properties of the sediment. where C --pore water concentration, Cb = concentration in sediment, D = free diffusion coefficient, F = formation factor, Kd = volume distribution coefficient = Mv/Cs, with Mv and Cs in volume units (e.g., Mv and C~ in mmole/ml), where Mv = mmole of sorbate on sediment/ml of bulk sediment, z = downcore depth, and r = radial distance orthogonal to z. Note that:
Cb' = C(1 + p/~'K~), Cb' ~ C'p/e" Kp, and
Cb' ~ C~/e, where p = bulk density, ~ = porosity, and Kp = partition coefficient (mUg). Based on Li and Gregory's (1974) data for La(III) and the Arrhenius equation: 
as suggested by Manheim (1970) . The formation factor F measures the tortuous path that a diffusing species must take in getting through the sediment. F is determined as the ratio of the conductivity of the "free" pore water to the conductivity of the sediment. For sediment-core GPC-3, values of F were determined by R. McDuff(in Corliss et al., 1982) and values of I~ in the form: depth, but the bulk concentration is unaffected. In Figure 1 1 , the total amount of sorption from the solution as a function of elapsed time was calculated from the areas under the bulk-concentration curves of Figure  10 . This curve was scaled to allow its shape to be compared with that of the experimental curve. The agreement is satisfactory, particularly because the sediments in the model were not exactly equivalent to those in the tank.
To provide a crude illustration of the effect of downcore variations in sediment properties on Eu(III) dif- Tables 5-7 . Figure 12 is the model profile for diffusion at 15"C. Model results for 85"C are shown in Figure 13 . In this core, Kd values at a number of points between 0.2 and 0.4 cm were modified to adjacent values to avoid irreversible saturation of the sediment, which prevents calculation of C from Cb. The model shows that the increase in I< v due to a temperature increase from 15 ~ to 85~ increased the amount of sorption, thereby decreasing the penetration into the sediment, despite the temperature induced increase in D given by Eq. (16). All of model curves show that the bulk concentration in the sediment increased and approached asymptotically a value given by Cb = Co'K~'p, where Ka, is the distribution coefficient for C = Co. In other words, to a first approximation, the depth of penetration of Eu can be determined by dividing the amount of Eu by the equilibrium sorption capacity of the sediment for Eu at the initial Eu concentration. Eq. (13) was used in the difference form where n = time increment, i = z increment, and j = r increment, to assess the diffusion of 1 #M Eu from a 2-m long line source parallel to z, and centered at z = 12.5 m in the GPC-3 core. Detectable Eu would move radially only 1.5 m in one million years in the red clay suite of sediments. The radial distribution of concentration was similar to Figure 10 , with the same sharp drop-off in bulk concentration at the diffusion front. The models must of necessity extrapolate to infinite dilution. The basis for such an extrapolation was provided by a physical chemical examination of the batch sorption data, but some of the data still had to be adjusted to keep the model from failing, particularly for highly sorbing sediments at higher temperatures. Further examination of sorption under extreme Conditions was thus indicated. The model also used oneday exposure values ofK v. Because the sediments were exposed for extended periods of time during diffusion, an examination of the effect on the model of using Ka, values derived from longer exposure times would be useful; the results cited here are certainly conservative. (1) Penetration was only a few centimeters. Measured values were greater than predicted by the model due to transverse cracks produced in the sediment by degassing of air from the pore waters on heating to 85"C.
Diffusion experiments
(2) Higher K~ values resulted in greater bulk concentrations but reduced penetration.
The simple diffusion model did not work for calcareous sediments. Although batch K~ values for calcareous sediments were in the range of clay values, the surface bulk concentration of Eu in the column experiments ( Figure 15 ) was five times greater than the largest value found for any clay, presumably due to the formation of an insoluble carbonate.
CONCLUSIONS
Batch sorption experiments
All the data for the sorption of Eu and Th by deepsea sediments may be represented by equations of the form: 
Thermodynamic interpretation of this equation leads to an expression for the true thermodynamic equilibrium constant:
and for the enthalpy change:
Rates
Sorption of Eu onto clay-rich sediments was very rapid in the first few seconds and became slower over an interval of minutes to hours. Rate curves were similar in shape to those of a-iron hydroxide, rather than those of oxalate-extracted residual sediment, indicating the importance of oxyhydroxide-like phases in the uptake of Eu onto oxidized deep-sea (red) clay sediments.
Numerical modeling of diffusion experiments
Numerical modeling reproduced the general features of the diffusion experiments. To a first approximation, penetration of Eu into a sediment proceeded by saturating the sediment to the depth of penetration, thereby producing a sharp drop-offin sorbed + dissolved concentration at the diffusion front. Higher K v values resuited in greater sorbed + dissolved concentration but reduced penetration. For calcareous sediments, surface sorbed + dissolved Eu concentrations were greater than predicted from batch sorption experiments, presumably due to the formation of an insoluble carbonate.
